We calculate integral cross sections for the electronic excitation to the 3 T 2 states of XH 4 (XϭC,Si,Ge,Sn,Pb͒ by electron impact. This is the lowest-lying excited state of these molecules. Our results were obtained with the Schwinger multichannel method with pseudopotentials at the two-state level of approximation. In the case of CH 4 we compare our results with previous results of an all-electron calculation obtained at the same level of approximation, in which case we found an excellent agreement between the two calculations. Though these molecules are very similar, after discarding the cores, as the pseudopotential technique does, the inelastic cross sections are very distinctive and do not have a monotonic behavior with increasing proton number Z of the central atom.
The implementation of pseudopotentials into the Schwinger multichannel method ͑SMC͒ ͓1͔ makes it possible to calculate cross sections of molecules otherwise inaccessible by all-electron methods ͓2͔. In the case of the molecules we are dealing with, the pseudopotential calculation of the cross sections of PbH 4 is no more complicated or time consuming than that of CH 4 , while by all-electron methods PbH 4 is unreachable. Although pseudopotentials could do much to the cross-section calculations, their use was slow in the literature but, nowadays, aside from the SMC, the Kohn method ͓3,4͔ has also been adapted to pseudopotentials.
In this paper we present integral cross sections for the electronic excitation of XH 4 (XϭC,Si,Ge,Sn,Pb͒ to the 3 T 2 states at the two-state level of approximation, using pseudopotentials. The pseudopotentials are normally derived from the ground state of atoms ͓5͔. Therefore, for a calculation with an excited state, it is advisable to test the pseudopotential technique itself by comparing the results with those of an all-electron calculation. Only for CH 4 we found calculated excitation cross sections at this level of approximation ͓6͔, and the agreement between these results and our results is excellent. We also compare our two-state cross sections for CH 4 and SiH 4 with the results of more sophisticated calculations of Refs. ͓6-8͔. All the calculations were performed with the Schwinger multichannel method.
The SMC ͓1͔ and its version with pseudopotentials ͓2͔ have been discussed in earlier works, and we review here only those aspects of the method related to the two-state approximation being used. The SMC method is a multichannel extension of the Schwinger variational principle. Actually it is a variational approximation for the scattering amplitude, where the scattering wave function is expanded in a basis of (Nϩ1)-particle Slater determinants. The coefficients of this expansion are then variationally determined. The resulting expression for the scattering amplitude in the body frame is
where
͑3͒
In these equations, the solution S k ជ i of the unperturbed Hamiltonian H 0 is the product of a target state and a plane wave, V is the interaction potential between the incident electron and the target, m is an (Nϩ1)-electron Slater determinant used in the expansion of the trial scattering wave function, Ĥ ϭEϪH is the total energy of the collision minus the full Hamiltonian of the system, with HϭH 0 ϩV, P is a projection operator onto the open-channel space defined by the target eigenfunctions, and G P (ϩ) is the free-particle Green's function projected on the P space. A two-state approximation means that P is reduced to a sum of the ground state plus the first excited triplet state 3 T 2 . Similarly, to define the configuration space ͉ n ͘ we add to the representations of the N-particle ground state plus 3 T 2 a fairly complete set of single-particle wave functions representing the scattered electron, and antisymmetrize.
With the choice of Cartesian Gaussian functions to represent the molecular and scattering orbitals, all the matrix ele- 
with
and
where Z v is the valence charge of the atom and in this application it is equal to 4 for the C, Si, Ge, Sn, and Pb. The coefficients c i core , A n jl , and the decay constants ␣ i core and ␣ jl are all tabulated in Ref. ͓5͔ .
In all-electron calculations, even for small molecules, a large number of two-electron integrals must be evaluated. This limits the size of molecules in scattering calculations. Using pseudopotentials, we need shorter basis sets to describe the target and scattering and consequently the number of two-electron integrals is smaller than in the all-electron case. The reduction in the number of these integrals allows the study of bigger molecules than those reachable by allelectron techniques.
The Cartesian Gaussian functions that we used in the description of the target and in the expansion of the scattering wave function are shown in Table I for hydrogen, in Table II for the X atoms, and in Table III for the chargeless centers, which, with the H sites, complete the cube centered at the X atom. In these tables, coefficients different from 1.0 ͑one͒ mean that the corresponding Gaussians are contracted. The Gaussians of Table II were generated by the procedure described in Ref.
͓10͔.
For each molecule, the Slater determinant describing the ground state 1 A 1 is constructed with the valence a 1 and t 2 orbitals made of pseudo wave functions with zero nodes, the core orbitals being replaced by the pseudopotential. For example, the core orbitals replaced by the pseudopotential are 1a 1 for CH 4 ; 1a 1 , 2a 1 and 1t 2 for SiH 4 ; 1a 1 , 2a 1 , 1t 2 , 3a 1 , 2t 2 , 3t 2 , and 1e for GeH 4 ; 1a 1 , 2a 1 , 1t 2 , 3a 1 , 2t 2 , 3t 2 , 1e, 4a 1 , 4t 2 , 5t 2 , and 2e for SnH 4 . For PbH 4 there are 39 core orbitals replaced by the pseudopotential.
The triplet excited state 3 T 2 is constructed by promoting one electron of the valence t 2 orbital ͑hole͒ to the lowest unoccupied a 1 orbital ͑particle͒. The a 1 orbital ͑particle͒ is an improved virtual orbital ͑IVO͒ with one node ͓11͔. The values for the vertical excitation energies are presented in Table IV and the experimental interatomic distances of the equilibrium ground state, used in our calculations, are in Table V .
In Fig. 1͑a͒ we show the integral excitation cross section to the 3 T 2 state of CH 4 , obtained with pseudo and all- be grouped into three classes: PbH 4 and SnH 4 , GeH 4 and SiH 4 , and CH 4 which is clearly distinct from the other molecules. These classes correspond to the classes of bond length in Table V , suggesting that excitation cross sections, obtained at the two-state level of approximation, are also mostly a matter of molecular size for the families with the same chemical bonding and similar geometries. To investigate this point further, and to determine the law of cross section decaying at higher energies, and the law of buildup at lower energies, we made least-square fits of polynomials to the curves of Fig. 2 . We found that, at lower energies E, the excitation cross section grows according to the law 1/2 ͑ E ͒ϭbEϪa as shown in Fig. 3͑a͒ , and at higher energies it decays as Ϫ1/2 ͑ E ͒ϭdEϪc as shown in Fig. 3͑b͒ . The behavior at higher energies follows the same law as the elastic cross sections, Ϫ1/2 ͑ E ͒ϭgEϩ f obtained at this two-state calculation, shown in Fig. 3͑c͒ , but, while the elastic cross section lines keep a clear pattern of increasing slope with increasing proton number of the central atom, the inelastic cross section lines of Fig. 3͑b͒ have no simple relation. The fitting constants a, b, c, d , f , and g are shown in Table VI .
To summarize, we calculated the electron 3 T 2 excitation cross section for XH 4 (XϭC,Si,Ge,Sn,Pb͒ thus completing a previous work on the elastic cross section ͓12͔. After verifying for CH 4 that the pseudopotential results coincided with those from an all-electron calculation, even for the excitation cross sections, we could apply the pseudopotential technique to calculate the other molecules of the family. We found that the excitation cross section has a high energy decay similar to that of the elastic cross section, but it does not follow a clear pattern of atomic number dependence. 
